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In a previous pap er* we described briefer the electrical and electrochemical 
properties of titanium dioxide fTIO^ rude and anatase) films grown by the vapour 
decomposition of ethyl titanate. The as-grown films behave as a typical ixtype 
semiconductor and have moderate electrical conductivity and large photoconductivity 
at room temperature without any additional treatment, such as redaction or heating 
foDowirjg the deposition. 

TiOt is a stable photoaaode, but can respond only to light which has a larger 
energy than its band sap CE^ = 3.0eV), Smiting its utifity in an electrochemical 
photocell or in rfiot£x^absg.Dcin^ 

to nltraviotet or visible light,** we describe m tug paper toe oetaiis oi an cJectricaT 
and ptotoetectnxtonical study of TK>t films obtained by our method, along with 
the effect of doping on the electrical and r^toclcctrochcmfcal properties. 



EXPERIMENTAL 

Tbe apparatus for the deposi Sen ofTrG, films and ^ starting eoqdeat, ethyl titaaase t nsed 
m this study were tbe same as those reported previously. 1 Commercial reagent-grade iso* 
propyl tfracatewa* abo used as a starring comptex. Doping experim e n ts were performed by 
the introduction of tbe vapour of abimmfrm tsopropoxide, or iron or chromium acs tytaoetouate, 
Tbe former two-cotnptexg are commercial samplra; and flic latter was prepared according to 
a literature method." Tbe dopant complexes were transported by ni tr og c u , gas Into the faniace 
and nuxed with ethyl ritaaate vapoue at the entrance to the reaction furnace, The substrate, 
coimstmg of a glass sheet (Corning no. 70S9) and a titaninm piate> was treated in the i 
way as hi the previous study* 1 

Tbe electrical and electrochemical properties of the TiO t nhns were e xamin ed by die t 
method as described previously. 1 The electrolyte used for tbe electrochemical measurement was 

2563 s*z 
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ELECTROCHEMICAL PROPERTIES OF TiO* FILMS 

(XI mot dnT° Na s SO A solution, unless otherwise tprrifitM The reference electrode was a 
saturated calomd electrode (SCE)_ All potentials are given in Vw» SCE. A 500 WXe lamp 
and a fluorescent lamp were used as a tight source for tin ptetoeterochenrical study and 
photoconductivity measurements, respectively. Monochromatic light was obtained using a 
monochromator (?5kon G-250) from the 500 W Xe lamp* The gases used were purified by 
passing them through active copper and phosphorous pectoxMe. 



RESULTS AND DISCUSSION 

ELECTRICAL PROPERTIES OF TlO t FttMS OH THE CLASS 

Tbe electrical properties of TxO a films deposited on a glass substrate from ethyl 
titanate depend on the deposition conditions, especially the substrate temperature. 
Some examples of the data obtained axe listed in Qtble L The deposits obtained at 
400-440 °C (hereafter referred to as lower temperatures) have a larger conductivity 
than those at 470-500°C (higher tcmpcratnres) while the conductivity of the latter 



Table I.— Dbposxhon ujkuujuws and resbixvity of T50* films 



sample 



substrate temp./ Q C 
N, flow rate/cm* tf" 4 
0» flow rate/cm a sr» 
film tfuckness//on 
rutOe c ontrnt {%) 
naistivfcy/n cm 
in Ht 

bN, 

hi Ar 

tap, 



96 


103 


W 


80 


430 


500 


470 


470 


0.60 


0.60 


oso 


LOO 


OJO 


O30 


O20 


0 


O80 


030 


LOO 


0.79 


62 


0 


0 


1 


Z5xl0* 


2.6x10* 


4.0x10* 


4,6 




05x10) 


03 x10 s ) 


03) 


2.8 xW» 


3-6xl0» 


4.4x10* 


6.6 


(12x10*) 


(4.6x10) 


C22xl0>) 


(3.6) 


L9xl0> 


S3xl0» 


02x10* 


&6 


<$2xl0*) 


(2.6x10) 


(LlxlO 1 ) 


(33) 


3.3 x UP 


L5xl0» 


O6xl0» 


7.6 


(iSxlO 1 ) 


(40x10^ 


(13x10^ 


<06) 



* Resistivity values m parentheses, axe those under flhnrn nation, 

*• 

increases by 10* under fltamination evw 

0.6 mW cm- 4 ). Exposure of tbefihns to atmospheric gases also affects tb^ec^wtivrty. 
This eflfect is mote notable under fflumination than in the dark. The fact that the 
reducing gaa, H„ increased the conductivity (especially under ffiuminatiop) is 
consistent with the properties of an Drfype semiconductor.* The films deposited at 
lower temperature* had little photeactivfty, probably indicating the existence of 
donors at such shallow levels as to be excited into the conduction band by thermal 
energy at room tenqwamre, Thefitasgrowninttoabseoreofadtf 
have larger electrical conductivity owing to a drastic deviation of the stoichiometiyi 
which was confirmed by a wight increa se when cw ririj m i in air, and had very fittte 
photore^oose. The TK) t films obtained 

low conductivity aO^Q- 1 ™^" , , ^ 

The photoresponse of the higMctnperatnre deposits is large, as descnoea 
above, but the response rate was unexpectedly slow. A typical example of the 
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tine dependence of the photoresponae in various gases is shown in fig. L When die 
sample was illuminated, the resistivity decreased sharply m the initial stages and the 
rate of decrease became slower, 2-3 hl^ 

that was dependent on the type of atmospheric gas used. On the other rand, when 
the fight was turned aS; the change in xeastmty was much slower, especially under 
hydrogen, nitrogen or argon. The resistivity measured after the dx. ohmmeter was 
fr*nr«*t~i for a short while or when the polarity was reversed was still consistent with 
that assumed by extrapolating the transient corves or that obtained be fore chan ging 
tfar p^arity, grag gft fr ti ng Ft™"g*y ****** the charge carrier is not ionic bot ck*Um^ The 
very daw response on turning off the light tells us that the carriers which were 
generated underfflixxM 

be explained bya sxmpk physical mechanism, bnt rather mtennsw a chermc alsuti^ 
reaction of the firms with the atmospheric gas (an adsorpdon-desorption proces^ 
HydnSgen is thought to diffuse into the TrO, crystal, donating an electron by 
ionization in the lattice. 2 *' 1 ' There have been no reports of such behaviour for 
nitrogen: traces of hydrogen in the gas may play a role. In contrast to the case of 
hydrogen or nitrogen, the response in oxygen k low bat very tast, as shown m fig. 
I f indicating that the reaction between the fihn surface and the atmospheric oxygen 
can be rapidly equilibrated, including deprotanation,** 

Doping with aluminium, chromium or iron had a slight effect on the carle- ana 
pho to-conductrvities, but the essential features of both conductivities were the same 
as for undoped films, as shown in table 2. Note, however, that the response rate when 
the li0it was turned on and off is enhanced by the aluminium doping, as shown in 
fig. 2- We have no clear explanation of this doj^ effect at present, ^mort detailed 
studies may enable us to find a suitable composition of the films far them to work 
effectively as a gas 
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2566 ELECTROCHEMICAL P*OPS*TIB$ OP HO, FILMS 

Table 2» — Deposition coNomoKs and REsmtvrry op doped TSO t nuts 




sample iWfnftcf 



216 



234 



253 



293 



294 



dopant 

snbstx&te temp./°C 
N, Bow nuc/cm' »~* 

tutfle content 00 

BeastMy/neB 

utH, 

inN t 

bAr 

in Oj 



Al 



435 

U 
100 

10x10* 
(LSxlO*)* 

5J)xlO» 
(10x10*) 

&4xlP 
(1.8x10*) 

4JxlO» 
(7-2x10*) 



410 
04 
1.4 
0 

15x10" 
(UxtO*) 

14x10* 
(9.1x10*) 

14x10* 
0.1x10*) 

14X10* 
(44X10*) 



Cr 

435 

0.6 

0.86 
100 

1.7x10* 
(9.9x10) 

4,0x10* 
(UxlO*) 

3.1x10* 
(1.1x10*) 

<Uxt0» 
(19x100 



Pe 

415 
1.1 
35 
0 

1.7xlO» 
(1.4x10") 

7.5x10* 
(3.6x10*) 

&6xl0*' 
(Uxltf) 

L2xl0» 
(1.7xl0») 



Pe 



470 
1.1 
3J 
0 

L7 x 10* 
(U x 10) 

4.4x10* 
(UxtO) 

UxlO* 
0-S * t0«) 

UxlO 1 
(LSxlO*) 
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P& S^^e m low-tempexattre deposit* ^^^^tSSSSJi 
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2568 ELECTROCHEMICAL PROPERTIES OF HO» FILMS 

deposits on the other hand, the activation energy of conduction is as low as 0.3 eV a 
indicating the existence of shallow traps. 

electrochemical properties of TiO t films on titanium plate 
As reported previously, 1 the TiO, films obtained with our method behave as typical 
a-type semiconductor electrodes in a photoetectrochemical celL The characteristics of 
the anodic current against potential were found to depend strongly on the deposition 
conditions, in particular on the deposition temperature- The general features 
observed in <U mol dnT* Na»S0 4 solution can be summarised as follows: (1) The 
films deposited at lower temperatures exhibit large anocfic photocorrents which ait 
saturated at a raiher positive po tential (or. 0 .5 V w. SCE). CO The films deposited 
at higher temperatures showed rather small pbotocunents which are saturated at a 
considerably negative potential (c«l 0V vs. SCE). (3) Anodic dark currents ate 
negligibly small in every case- (4) The deposits are stable against photocoirosion. (5) 
The deposits at an optimum condition have a high quantum efficiency for anodic 
photocunent, comparable to that of single crystals. 
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Ttos these results indicate that the as-grown films have excellent 
photoaaodes. Tk decomposition temperature alto affected the spectral 
ofthTaaaiatum efficiency for anodic photccurrents, as shown m fig. 5. Raismg t« 
o^tiw^perateeleBds toannnprovementin toe «?po^« tor^v»awl»g^ 
A?S^atasVffl^Waaed at 420 -C from isopropyl tanatt" had a in***™* 
^onyateTMS am; which fa wry close to that ofthe deposits at high temperature 
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from ethyl titanate. The film showed a. very low conductivity as described above. 
Therefore it may be suggested that the spectral dependence of the photocurrent is 
closely related to the electrical properties of the films. An estimation of the donor 
concentration in the deposits may clarify the relation* A MottnShottky plot is one 
possible way to obtain such an estimation. We then measur ed the differential 
capacitances of these fib* electrodes in an aqueous electrolyte in the usual manner. 
However, we could not obtain a meanmgftd result, since the capacitance (Q measured 
depended strongly on the frequency (0.1-10 kHz) of the signal used in the impedance 
bridge, and the plot of I/C* against potential gave a straight fine for one sample but 
not for. another. 




Ra 6l— EK^t ofrV wad AWopfago* tbc action spasm Tor toodfc photpcucrwti: Q. F*<toped (no. 
2999; AMoi^(ii6.2»); amkmd(^23^ 

m, SCE in 0.1 matte* N^^SO* solafioa. Sstarste tea*itt*titte: aa 230 ad 238, 435«C; m, 

440-C 



SsttaedstaSV 
n-aseettCO)! 



properties as 
il dependence 
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Ttedopfe g gfoay qt mti4irf«m tnrm on Ac spectral dependence of the anodic 
phcrtccurrent are shown in fig. 6, where only the results obtained at optimum doping 
conditions are shown. The dopant concentrations were tortow (perhaps en; 1% or 
so) to be measutirf precisely with our energy-cSspeTsic« typeof EPMA. For reference 
rfcg result rvn tm tmHrtpM fiTm t ffrtat flftfl iind g* tte nmc deposition conditions BS the 
doped one, is also shown mfig, 6. By doping with ahnnionau. the spectral response 
can be appreciably extended. However, on comparing fig. 6 with the result ax fig. 5, 
it b dear that the spectral depewience of 

of an undoped fihn at a h fehrr temperature (470 °C)» Tteefiwe, we conclude that 
aluminium doping is not essential to extend the spectral dependence, in agreement 
with the observations of other workers* * On the other hand, iron doping has such 
a remarkable effect that a higher quantum efficiency (*) is observed even at ion^r 
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2570 ELECTROCHEMICAL PROPERTIES OF TiO, FILMS 

waveleagtto C2S% at 400 mn and 0.7% at 500 nm> In 

Of 100% g»«atage^ t 

Chromicm doping has been reported to be effective in extendin g the spectral 
response*- * However, m our case no such optimum doping conditions were found : 
doping with chromium suppressed the anodic photoranents. These findin^suggest 
that the doping conditions most be carefully examined, and that the doping effect may 
depend on properties of the original nndoped swspte- ^ „ _ _ tt ^ 

As TtTm+r^"^ above, the i against V charactcriucs of TiO, fihns ca n be co ntrolled 
by the deposition temperature. A negative onset potential and sharp current rise on 
.sweeping the potential are observed for fihns obtained at high temperatures. The film 
obtain* from isoprppyi titanate behaved simflariy. If a fihn having such good i 
against V characteristics is used as a photoanode in a photovoltaic celUttocdl can 
beoipected to have good current-voltage characteristics, namely a hid fin factor. 
Therefore, we examined die output power characteristics of the ceo, in which no. 1 69 
fihn and platinum were used as the photoanode and ptotccalhod^ttspe^dy, A 
single-compartment cell system was employed, with <M mol dnr* Na^SC^ or 

Tabus 3-— Outfut tower characteristics cjp aBcmocBBmnAL raorocsu* 
TiO, (no. l&f»m*aLrriPt 



electrolyte 


0.1 rod dm-* 


0.1 mol dm-» 
Na^O« 


0.1 mol dor* 
N»OH 


opcfi-ctrcuitvoitage/V 

irmi'iMiiiMi output power/mw cm 

fiS factor 

•00" 


0.44 

142 

OJ089 

020 

0.089 


0-Bt 
1.01 
0.46 
0L56 
0.46 


aw 
ox 

0.67 
0J0 



« Maximum power coowsott effidrtey. li*t fa*eoahy. tOOmWcar 4 . 

0.1 mol dm"* NaOH solution without intentional additioo of any redoxconpte was 
used as an electrolyte The results obtained are shown in table 3. The ecu. 
TIO.COO. l&HfLl mol dor* NaOHjPt 

has a very high pperwrircmt voltage, V*, and a tap M ftdtori of 
Eglit-eSici^wnvenioa efikfeocy if) was 0*%™** f^f^S^i 
Both y x and 4> ate compataHe to the values (0.8 V and 0.5%) observed tor a 
two-compartment cell system 

TiO^ratOe, single crystaOfNaOHUH.SO.IPt." 

The high efficiency observed may be ascribed to the nigh fill factor as well as 
high vataeof ^ Good r against ^characteristics of the film (no. 169) used contribute 

ordStod^Sie unexpectedly high value of ^ the rest poteittiafc of d« JiO, 
and Pt electrodes were measured in the dark and «nto iBuminatii»a, Tte da» ate 
listed in table 4. The potential of the TiO, etanode varied mttenst^insnovby 
ea. 60 xaV per pH unit according to the Nernst equation," whereas that of the fj 
electrode wastes sensitive to any variation of pH. The dlBsmnce between the pH 
dependences of both electrodes should be the reason why the high value of w» 
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CELL, 



moldnP 
NaOH 

0.78 

OSO 
067 



electrolyte 


(XI moJ dor* N^S0 4 
<pH7) 


ai mol dm-* NaaPOi 
<pHl$ 


a I moJ dm-»NsOH 
(pHl2) 


Pt 


+0.t5(+0.1S) 


-0.73 (-0.W) 


-0.70 (-092) 
-0.07 (-0.07) 



11 Potential values in parentheses are those 



ftlnipppfaon* 



observed. Table 4 also indicates that the cell has a large dark cmlS. («. 0.45-0.55 V 
depending cm the pH of the solution), which was net always reproducible; Therefore, 
Oe set K, induced by photon energy may be estimated to beaW^mV.wjMhwas 
comparable to the value (cc 200 mV) found for a poJycrystaHine TiOj-based ccIL™ 
We cannot clarify at present die reason why there exists such high dark ejnX, 
afif ^gh ** ™y Mij y oMd that dissolved oxygen plays an important rote. On the 
Pt electrode no gas evolution was observed, unfite the TKJg electrode, on which O, 
gas evolution took place. The potential of the Pt electrode (-0.07 V «. SCE to 
OlI mol dtn~* NaOH, pH 12) seems to be far more positive than that of the H*/Ht 
couple tea. -OSS V w. SCE, pR 12) and more negative than that of the Ot/OR- 
cousle fez. 035 V or. SCE, pH 12). Therefore, tb* actual cathodic reaction mainly 
occorzme on the Pt electrode may be concluded to be the reduction of O, gas u> 
sohrfon. The lacttl»t bubbling 

by ea. 02 V supports this coachman. The report that the cefl 

TiCy5 mol dm"* NaOH|0„ Pt 

had = 0.89 V," and other reports on the eflwt of oxygen gas."'" are likely to 
confirm our observntiOQJ* 
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